Abstract-A voltage-gated potassium channel Kv10.2 is expressed in the nervous system, but its functions and involvement in the development of human disease remain poorly understood. Mutant forms of the Kv10.2 channel were found in patients with epileptic encephalopathy and autism. Molecular modeling of the channel spatial structure is an important tool for gaining knowledge about the molecular aspects of the channel functioning and mechanisms responsible for pathogenesis. In the present work, molecular modeling of the helical fragment of the human Kv10.2 (hEAG2) C-terminal domain in dimeric, trimeric, and tetrameric forms was performed. The stability of all forms was confirmed by molecular dynamics simulation. Contacts and interactions, stabilizing the structure, were identified.
INTRODUCTION
Voltage-gated potassium channels control the transport of K + ions through the cell membrane and play a key role in excitable and unexcitable cells. The Kv10.2 channel (encoded by the KCNH5 gene) belongs to an ether-a-go-go (EAG) family and is expressed in the nervous system [1] .
Mutations of the EAG family channels cause impairments of the synaptic plasticity and memory [2] . Impairments of the Kv10.2 channel functioning were observed in the development of epileptic encephalopathy and autistic disorders [3] and also in the process of emergence and development of tumors [2] . Despite the attempts to study the Kv10.2 channel, its function in the nervous system and the involvement in the development of diseases remain insufficiently understood [3, 4] .
Analysis of a KCNH5 gene, cloned shortly before the completion of the "Human Genome" project [5, 6] showed that the Kv10.2 channel has a topology similar to other potassium voltage-gated channels (Kv) with six transmembrane helices in each of the four subunits. The structure of the cytoplasmic domain of the voltage-gated channels varies greatly between different families [7] . The C-terminal domain is required for the correct tetrameric channel assembly [8] , and interhelix interactions determine not only the stability but also the selectivity of the multimerization [9] . It was shown that the C-terminal domain of the Kv7.1 channel, which is homologous to the EAG family, has two functional parts, with the proximal half responsible for the expression, folding, and permeability of the channel and the distal part responsible for the folding direction and the specificity of binding with partners [10] .
Information on the spatial structure of membrane proteins, including ion channels and their complexes with various ligands is essential for understanding the mechanisms of functioning of these proteins. Until recently, the structure of potassium channels of the EAG family was unknown, although there have been a number of attempts of modeling [3, [11] [12] [13] . Now the situation has radically changed, since the structure of a greater part of a homologous Kv10.1 (EAG1) channel [14] was deciphered, which can be used to simulate the interaction of channels of the EAG family with blockers [15] . At the same time, the structure of the extended C-terminal portion of the EAG2 (723-988 a.r.) channel remains unknown. We have shown previously that full-size Kv10.2 channels form clusters that colocalize with the actin cytoskeleton [7] . Recently, we found that the Kv10.2 channels with a deleted N-terminal domain are also capable of clustering [16] . It is logical to assume that the C-terminal fragments of the channels participate in the interaction with actin. ) ionic and hydrogen bonding of the Arg927 and Glu932 residues, and (h, i, j) contacts of the Met928 and Leu931 residues for dameric, trimeric, and tetrameric superhelices, respectively, are shown. In the designation of the residues, the first letter indicates the subunit.
MOLECULAR BIOLOGY
In order to understand how the helical fragments of the Kv10.2 channel C-terminal domain oligomerize in the full-size channel, we conducted modeling of the structure of this fragment in dimeric, trimeric, and tetrameric forms. To analyze the stability of the obtained oligomers, a method of molecular dynamics (MD) calculations was used that allowed us to establish contacts and interactions stabilizing the structure of the oligomers. The results of this work can be used to analyze the impact of emerging mutations on the structure and function of the EAG2 channel.
MATERIALS AND METHODS
The construction of ideal α-helices, the assembly of parallel helices bundles, and the visualization of the structures were made in the Maestro program (Schrödinger, LLC). Calculations by the MD method were implemented in the Gromacs program [17] using the CHARMM22 force field. The conformers were extracted from the equilibrium trajectory with a step of 100 ps. For each conformer, the calculations of the superhelix parameters and the energy of interaction were performed using the TWISTER program [18] and the programs APBS [19] and FoldX [20] , respectively. To predict the oligomeric state of the superhelix on the basis of its amino acid sequence, the LOGI-COIL web service [21] was used.
RESULTS AND DISCUSSION
The C-terminal helical fragment of the Kv10.2 (EAG2) intracellular domain contains five heptadic repeats, characteristic of superhelices (Fig. 1a) . To analyze the degree of the oligomerization of this fragment, we used molecular modeling methods. The structural models of the fragment in the α-helix conformation was built de novo and then combined with the formation of a dimer, a trimer, and a tetramer. For the obtained models, the optimization and the subsequent calculation with the MD method in aqueous solution for 15 ns were conducted. In all cases, there was formation of stable left-hand twisted superhelices (Figs. 1b, 1c, 1d) .
The geometrical parameters of superhelices are the characteristics of the density of their packing and stability. We have compared the parameters of the model superhelices with the parameters of the similar superhelices of the tropomyosin dimeric form (pdb code 3u1a [22] ) as well as trimerics (pdb code 3hfe [23] ) and tetrameric (pdb code 3bj4 [10] ) forms of the C-terminal helical fragment of the potassium channel Kv7.1 (Table 1 ), the spatial structures of which are known. A good correspondence between the radii of the model superhelices and the radii of the superhelices in the experimentally obtained structures indicates achieving the dense packing of the model helices in the calculation process. At the same time, such parameters of a superhelix as a pitch and the number of residues per turn calculated on its basis in the model superhelix show much larger values compared to those experimentally obtained. Also, much greater is the variation of these parameters, a cause of which, apparently, is the asymmetry of the individual conformers of the model superhelices, due to the significant mobility of the superhelices in the calculation process. As in the case with the trimeric and tetrameric forms of the Kv7.1 channel, the smaller superhelix pitch suggests that the trimeric form of the Kv10.2 has a more uniform twist around the superhelix axis. Along with this, the parameters of the individual α-helices (the number of residues per coil, the pitch of the helix, etc.) are almost identical in all models.
Maintaining the oligomeric structure stability of the superhelix is provided by a large number of polar and ionic interactions and hydrophobic contacts. These later ones are caused by the hydrophobic residues of the "leucine zipper" motif (Leu910, Val913, Leu917, Ile921, Leu924, Met928, Leu931, Val935, Leu939, Leu942) (Fig. 1a) and their tendency to minimize their contacts with the polar solvent, which is the driving force for oligomerization. Hydrogen and ionic bonds are formed between charged residues of the helices, which include Glu912, Lys914, Glu916, Lys918, Glu920, Arg927, and Glu932 (Fig. 1a) . It should be noted that the formation of such bonds in the dimers is sterically hampered because of the location of the high volume hydrophobic residues between the charged ones (Figs. 1e, 1f) .
The direct feature allowing one to evaluate the stability of a particular oligomeric form is the energy of interaction in the oligomer per one monomer. The results of the calculation of this energy performed with the programs APBS [19] and FoldX [20] (Table 1) do not allow one to prefer any of the forms. Only the smaller interaction energy in the dimer compared to tetramera appears to be accurate, which is consistent with greater exposition of the hydrophobic residues and the difficulty in forming hydrogen and ionic bonds between the helices in the dimer.
A similar result on a qualitative level can be obtained based on the analysis of the amino acid sequence ( Table 2) . A lower degree of oligomerization in combination with the shorter length of the involved α-helix was previously found for the same fragment of the Kv7.1 channel as well [23] .
Previously, it was assumed that the indication of the tendency of helices to trimerization is the presence of an R-h-x-x-h-E motif (where R is the arginine residue, h is a hydrophobic residue, x is a random residue, E is a glutamate residue), which is conservative in superhelices having the trimeric state [24] (Fig. 1a) . At the same time, to date, at least two structures containing the R-h-x-x-h-E motif and being crystallized in the tetrameric state are known; these are the structures of the Kv7.1 (pdb code 3bj4 [10] ) and Kv7.4 (pdb code 2ovc [25] ) channel fragments.
The modeling carried out in this work shows that the C-terminal helical fragment of Kv10.2 (EAG2) can form stable dimeric, trimeric, and tetrameric superhelices, and the greatest contribution to their stabilization is provided by hydrophobic contacts. Our model reveals details of the interaction of subunits and can be used to investigate the role of amino acid substitutions observed in some pathologies. Note that, to determine the degree of oligomerization of the cytoplasmic components of the EAG family channels, it is necessary to decipher the structure of the full-size channel.
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